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Abstract 
Twin-roll casting (TRC) process combines casting and hot rolling into a single step, having an advantage of one-step processing of flat rolled 
products. Besides being such a cost-effective process, TRC also has a beneficial effect on microstructure such as reducing segregation, 
improving inclusion size distribution, refining microstructural and textural homogeneity. However, conventional equal speed rolling (ESR) of 
TRC magnesium alloy strip preserves a strong basal texture as often found in the rolling of conventional cast ingot (IC). The ductility of 
magnesium alloys is strongly affected by the texture. Thus, it is important to control the texture during processing for improvement of ductility 
at room temperature during sequential processing. Recently it has been reported that differential speed rolling (DSR) is effective for improving 
tensile elongation and formability of magnesium alloys by reducing the intensity of basal texture. Thus, it is of great interest to combine TRC 
and DSR technique for more efficient production of magnesium alloy sheet with improved ductility. The present paper reports the comparison 
of microstructure and mechanical properties of AM31 alloy fabricated by TRC/IC followed by DSR/ESR. 
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1. Introduction 
Magnesium alloys have a great potential for application in lightweight structural parts owing to their low density, excellent 
specific strength and stiffness, as well as good castability and machinability. However, because the wrought magnesium alloy is 
usually expensive and is poor in formability at room temperature compared to the conventional cast one, there is still a lack of 
competitive magnesium wrought products, especially sheet materials, which are necessary for various weight-saving applications, 
although the wrought magnesium alloys are known to offer generally better mechanical properties than the cast magnesium 
alloys. So, the reduction of manufacturing costs and the improvement of formability are significantly required. 
Recently, twin rolling casting (TRC) is paid a great attention on economically fabricating wrought magnesium alloy sheets 
from the melt [1-5], which combines continuous strip casting and direct hot rolling into a single step, having an advantage of 
one-step processing for flat rolled products. Besides being such a cost-effective process, TRC process also has benefit effects on 
resulting microstructure such as reducing segregation, improving inclusion size distribution and refining microstructural 
homogeneity.  
The conventional equal speed rolling (ESR) of TRC magnesium alloy strips preserves a strong basal texture as often found in 
the rolling of conventional casting ingot (IC). The ductility of magnesium alloys is strongly affected by the texture. Thus, it is 
 
* Corresponding author. Tel.: +82-55-280-3301; fax: +82-55-280-3599. 
E-mail address: sbkang@kims.re.kr 
doi:10.1016/j.proeng.2011.04.198
Procedia Engineering 10 (2011) 1190–1195
1877-7058 © 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
Suk Bong Kang et al. / Procedia Engineering 10 (2011) 1190–1195 1191
 
important to control the texture during processing for improvement of ductility at room temperature during second processing. 
The tensile elongation can be significantly improved using ECAE, which result in a titled basal texture. Recently, it has been 
reported that the differential speed rolling (DSR) is effective for improving tensile elongation and formability of magnesium 
alloys by reducing the intensity of basal texture. Thus, it is of great interest to combine TRC and DSR technique for more 
efficient production of magnesium alloy sheet with improved ductility.  
The present paper reports the microstructures and mechanical properties of AM31 base alloys with addition of minor alloying 
elements of Ca, misch metal (Mm) or Y which were fabricated by TRC or IC followed by DSR or ESR.  
The microstructural evolution of TRC or IC alloys subjected to multiple-pass warm rolling of DSR or ESR and subsequent 
annealing has been investigated, and the resulting tensile properties were analyzed on fine particle dispersion strengthening, solid 
solution strengthening and fine grain strengthening among these various alloys and processes[6-9]. 
2. Experimental procedures 
A horizontal type twin roll caster with water-cooling system was used to fabricate AM31 base alloys with addition of minor 
alloying elements of Ca, misch metal (Mm) or Y. A pair of copper alloy rollers with 300 mm in diameter was used for the 
horizontal type twin roll caster. SF6 and CO2 shield gases were used to protect the molten alloy. The melt was held at 750oC for 
30 min to ensure the alloying elements were completely dissolved and diffused. For twin roll casting, the molten alloy was 
flowed down the cooling slope into the casting tundish, and then molten alloy in the tundish was dragged onto the surface of the 
rotating rollers. The molten alloy solidified very soon after leaving the casting tundish due to the contact with cooled roller and 
was rolled between the upper and lower rollers. The rolling speed was 3~3.25 rpm and the roller gap was 3 mm. A twin roll 
casting strip with ~4.0 mm thick, 180 mm wide and 10 m long was manufactured. For the ingot casting, the molten alloy was 
poured at 720oC into a steel mold with a size of 180 mm × 160 mm × 25 mm. 
The blocks with a size of 110×75×4mm were reheated to 350୅ for 30min and then rolled at the temperature of 350୅ with 
the rollers heated to 250୅. This process was continually carried out over 3 passes to reduce the block thickness to ~1.0mm. The 
samples were reheated at 350୅ for 5min before every subsequent rolling process. After an intermediate annealing at 300୅ for 
30 min, the ~1.0 mm thick sheets were rolled by equal speed rolling and DSR at 300୅ to the final thickness of ~0.5 mm by 2 
passes with a larger reduction per pass about 30% using two high rolling mill. The ratio of the upper to lower roll diameter for 
DSR was 1, 1.2 and 1.5 with the different revolution speed (Rs), while the lower speed roll was 5m/min. The surface of the 
rollers was lubricated every pass to prevent the adhesion of magnesium alloys to the rollers. The as-rolled sheets were subjected 
to final annealing at 350୅ for 1h. For comparable study, a slab with 4 mm thick was cut out of the cast ingot, and warm rolling 
and annealing were performed on the same schedule with the twin roll casting strip described above as a reference alloy. 
Samples for optical microstructure (OM) observation were prepared by mechanical polishing with a polycrystalline diamond 
suspension glycol based solution. The grain structure was revealed by subsequent etching with a solution of picric acid (5g), 
acetic acid (5ml), distilled water (10ml), and ethanol (100ml). All optical microstructures were observed along the transverse 
direction (TD) of the rolled sheets. The intermetallic compounds and precipitates were examined by using a JSM-5800 scanning 
electronic microscope (SEM). Precipitates and deformed substructures were examined by using JEM-2100F transmission 
electron microscopy (TEM) operating at 200kV. Thin foil were prepared by twin-jet polishing using a solution of HClO4 (5 %), 
butanol (35 %) and methanol (65%), and then by ion beam milling with an incident angle of 3º for 60 minutes. 
Electron backscattered diffraction (EBSD) was carried out on the annealed samples for measurement of recrystallization 
texture on the near mid-plane of the sheet containing the rolling direction (RD) and transverse direction (TD). The sample 
surface was grinded until ~50% of the sheet thickness was removed. After mechanical polishing, the samples were prepared by 
electropolishing at 10V for 2~4min in a solution of HClO4 and ethanol at -15୅ to remove the surface strain of samples. 
Automatic EBSD scans were performed on JEM-6700F SEM equipped with the HKL data acquisition software. The scan step 
size was set at 0.5ȝm for orientation mapping. 
Tensile test was conducted using an Instron 4206 universal testing machine equipped with 10 mm gauge extensometer. The 
rolled sheets were machined into ASTM E8 tensile samples with a 3 mm gauge width and 12 mm gauge length. The tensile tests 
were conducted on a standard universal testing machine (Instron 4206) at room temperature with a strain rate of 1×10-3s-1.  
3. Results and Discussion 
3.1. Microstructure 
Fig.1 shows micrographs of AM31 alloys for IC after homogenization and TRC. The grain size of IC AM31 was in the range 
of 100-200 ȝm obtained using an optical microscope(Fig.1(a)). Dark spots observed inside grains during etching were found to 
be eutectics and intermetallic compounds in the optical microstructure. White particles are distributed within grains and along the 
grain boundaries obtained using a SEM (Fig. 1(b)). Analysis of the second particles using energy dispersive spectroscopy (EDS) 
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revealed that a Mn content was about 58% (balance Al) in the alloy. Considering the binary phase diagram of Al-Mn, a Mn 
content between 50~69wt.% corresponds to Al8Mn5 and a Mn content above 75wt.% corresponds to ȕ-Mn. According to the 
EDS results and analysis of the phase diagram, the particles were determined to be Al8Mn5[10]. The microstructure of TRC 
AM31 alloy obtained using an optical microscope (Fig. 1(d)) was typical columnar dendritic structure with fine featherlike 
secondary dendrite, the Al-rich solid solution was located in the interdendritic regions and some granular Al-Mn compounds 
were concentrated in the center of Al-rich solid solution( Fig. 1 (e)).  
Fig. 1 Micrographs of AM31 alloys for IC after homogenization and TRC. (a)IC/OM; (b) IC/SEM; (c)IC/TEM; (d)TRC/OM; (e)TRC/SEM; (f)TRC/TEM 
Transmission electron microscopy (TEM) of the as-received two samples revealed that the second precipitate particles with 
nano-meter scale size in TRC AM31 strip (Fig. 1 (f)) are far much few than those in IC one ( Fig. 1 (c)), due to rapid 
solidification rate. This confirms the fact that there is a high solid solubility of Al and Mn in TRC AM31 strip, because the 
alloying elements of Al and Mn reduce the content of dissolved Al and Mn in D-Mg by producing Al-Mn-rich intermetallic 
phases. 
Fig.2 showed the micrstrucutres of the IC and TRC AM31 alloy strips after rolling (a, b) and annealing (c,d), respectively. 
The microstructure of the IC AM31 alloy strips after rolling (Fig.2(a)) consists of relatively well developed recrystallized grains 
along with twins, while that of the TRC (Fig.2(b)) consists of mainly shear deformed structure. The annealing of as-rolled IC and 
TRC sheets (Fig.2(c),(d)) results in equiaxed grains, indicating that inhomogeneous nucleation and grain growth occurred during 
static recrystallization (SRX). While, the annealing of as-rolled TRC sheets (Fig.2(d)) exhibited fine grains along regions which 
might correspond to the locations of the unidirectional shear bands previously existed in the rolled state.  
 
 
Fig. 2 Microstructures of the IC and TRC AM31 alloy strips processed rolling (a, b) and annealing (c,d). (a) IC /after rolling; (b) TRC/ after rolling; (c) IC/after 
annealing; (d) TRC/ after annealing  
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3.2 Tensile properties 
The tensile properties of annealed AM31 alloy strips with addition of minor elements of Ca, Mm or Y are compared between 
IC and TRC in Fig. 3. It can be seen that TRC AM31 alloy sheets show much higher yield stress (YS) (201 MPa), ultimate 
tensile stress (UTS) (256 MPa) and elongation (20.2%) than those of IC AM31 alloy sheets, where YS, UTS and elongation are 
172 MPa, 235 MPa, and 18.3%, respectively. Further, the tensile properties of annealed TRC AM31 alloy strips with addition of 
minor elements of Ca, Mm or Y also show much higher tensile properties than those of IC AM31 alloy strips with addition of 
minor elements of Ca, Mm or Y. As expected, TRC sheet shows superior mechanical properties compared to IC sheet after warm 
rolling and subsequent annealing, which is attributed to the particle strengthening and solid solubility strengthening as well as 
fine-grain strengthening mechanisms resulting from the more and finer primary dispersed particles and smaller grain size, 
respectively. This effect could also be obtained in the annealed AM31 alloy strips with addition of minor elements of Ca, Mm or 
Y.  
The average values of tensile properties are shown in Fig. 4 for annealed AM31 alloy strips between IC and TRC followed by 
ESR ,DSR with speed ratio 1.2 and DSR with speed ratio 1.5. The average values of tensile properties were given from the 
values of the three tensile directions by the following expression: 4/)2(X 90450 qqq  XXX . As seen in the figure, DSR (Rs=1.2)-
processed sheets showed high strength and improved ductility at room temperature. Grain refinement and texture modification 
during DSR have been considered as effective methods to improve the mechanical properties of magnesium alloys. Grains 
(~200ȝm) of the cast AM31 alloy were greatly refined to the average size about 10 ȝm by warm rolling at 350୅. After 
ESR ,DSR (Rs=1.2) and DSR (Rs=1.5) at 300୅, grains were further refined and the average grain size was 6.9, 5.6 and 4.9ȝm, 
respectively. 
 
Fig. 3. The tensile properties of annealed AM31 alloy strips with addition of minor elements of Ca, Mm or Y are compared between IC and TRC 
Fig. 4. The average values of tensile properties for annealed AM31 alloy strips are shown between IC and TRC followed by ESR, DSR with speed ratio 1.2 and 
DSR with speed ratio 1.5. The average values of tensile properties were given from the values of the three tensile directions by the following expression: 
4/)2(X 90450 qqq  XXX . 
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3.3 Texure analysis 
Fig. 5 shows (0002), (11-20), (10-10) pole figures in annealed conditions of the IC AM31 alloy sheets processed by ESR, 
DSR (Rs=1.2) and DSR (Rs=1.5). For all the samples, texture can be considered to be as basal fiber with the <c>-axis 
approximately parallel to the sheet plane normal direction. Nevertheless, further investigation of pole figures indicated that there 
were three remarkable differences. First, the maximum pole intensity of the DSR (Rs=1.5) processed sheet was lowest 
(Max=8.24). Furthermore, the DSR (Rs=1.5)-processed sheet showed a ~15inclination of basal pole from the center to the RD 
and about 30 deviation from the TD, DSR (Rs=1.2)-processed sheets showed a tilted basal texture, whereas the ESR had a 
typical (0002) basal texture with the basal pole almost in the center of the pole figure. Finally, compared with the typical basal 
texture in ESR-processed AM31 alloy sheets, there was a wide spread of basal pole in the TD.  
Figure 6 showed pole figure of the TRC-AM31 sheet after annealing at 350Ȕ for 30min for ESR, DSR with speed ratio 1.2 
and DSR with speed ratio 1.5. As seen in the figure, the heat-treated TRC-AM31 sheets exhibited strong basal texture. It is 
interesting to find that basal pole inclined at ~15toward the RD due to the severe deformation during the twin roll casting 
process. The basal texture intensity slightly reduced from 14.76 to 13.61 and 10.15 after DSR instead of ESR.  
In short, mechanical properties of Mg alloys at room temperature depend on the texture in the processed materials. In general, 
the poor ductility of Mg alloys at room temperature has been attributed to the limited number of independent slip systems for a 
polycrystalline Mg and its alloys. The basal slip system could activate more easily during the tensile test, which induced a lower 
strength and higher ductility compared with that of ESR-processed AM31 sheets. The improvement of ductility can be expected 
for the DSR processed sheet due to the inclination of the c-axis, the weaker basal texture intensity and grain refinement.        
 
Fig. 5. (0002), (11-20), (10-10) pole figures of the IC AM31 alloy sheets processed by: (a) ESR; (b) DSR: Rs=1.2; (c) DSR: Rs=1.5. 
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Fig. 6. (0002), (11-20), (10-10) pole figures of the TRC AM31 alloy sheets processed by: (a) ESR; (b) DSR: Rs=1.2; (c) DSR: Rs=1.5. 
4. Conclusion 
1. No evident dynamic recrystallization took place during warm rolling process of TRC AM31 alloy strips, while partial 
recrystallization occurred during warm rolling of IC AM31 alloy strips. This indicated that recrystallization in TRC AM31 alloy 
strips during the rolling process is difficult to occur. 
2. TRC-AM31 alloy strips with minor alloy elements of Ca, Mm or Y exhibited higher strengths and improved ductility than 
IC AM31 alloy strips with minor alloy elements of Ca, Mm or Y.  
3. Ductility was improved by DSR due to grain refinement, inclination of the basal pole and weak texture. The sheets 
produced by DSR with a speed ratio 1.2 showed the highest strength and improved ductility at room temperature, which can be 
attributed to homogeneous and fine grain distribution. 
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